Abstract. We report a combined experimental and computational study aimed at elucidating the structure of N-terminal fragment ions of the c type produced by electron transfer dissociation of photo-leucine (L*) peptide ions GL*GGKX. The c 4 ion from GL*GGK is found to retain an intact diazirine ring that undergoes selective photodissociation at 355 nm, followed by backbone cleavage. Infrared multiphoton dissociation action spectra point to the absence in the c 4 ion of a diazoalkane group that could be produced by thermal isomerization of vibrationally hot ions. The c 4 ion from ETD of GL*GGK is assigned an amide structure by a close match of the IRMPD action spectrum and calculated IR absorption. The energetics and kinetics of c 4 ion dissociations are discussed.
Introduction P hotochemical labels containing the diazirine ring are useful reagents for protein footprinting [1] . Diazirine is a weak chromophore which, when photolyzed at 350-370 nm, expels a molecule of dinitrogen, creating a highly reactive carbene intermediate. The carbene can insert in a proximate X−H bond (X = C, N, O), creating a new covalent X−C bond that tags the area of contact with the diazirine ring. Photochemical diazirine-carbene footprinting has been expanded by the introduction of modified amino acids photoleucine (L-2-amino-4,4-azipentanoic acid, abbreviated as L*) and photomethionine (L-2-amino-5,5-azihexanoic acid, abbreviated as M*). These not only provide the diazirine photochemical label, but can also be incorporated as amino acid residues into synthetic or cell-expressed proteins where their steric properties closely resemble those of the respective natural residues leucine and methionine [2] .
The gas-phase chemistry of photoleucine and photomethionine-containing peptide ions has been studied with the aim to understand their properties [3, 4] and exploit their photochemistry for peptide-ligand footprinting in gas-phase ion-molecule complexes [5, 6] . Collisioninduced dissociation under slow heating conditions of singly and doubly charged L*-and M*-tagged peptide ions proceeds by competing loss of N 2 and backbone dissociations [3] . Electron transfer dissociation (ETD) [7] of L*-and M*-tagged peptide ions results in competing backbone dissociations and radical reactions involving the diazirine ring [8, 9] . The L* residue has been calculated to have a substantial electron affinity that facilitates electron attachment in the diazirine ring and triggers proton and hydrogen atom migrations in the charge-reduced peptide ions [8] .
One question that has not been addressed by the previous studies was whether the diazirine ring survives intact in backbone fragments produced by ETD. Owing to the substantial excitation energy involved in electron transfer to multiply charged peptide ions [10] , one can presume that the diazirine ring may undergo thermal or radical induced rearrangements to stoichiometrically equivalent but structurally different isomers. The activation energy for thermal diazirine-diazo ring opening in the GL*GGK-amide cation (124 kJ mol ) [10] to drive isomerization. Here, we use near-UV photodissociation (UVPD) and infrared multiphoton dissociation (IRMPD) action spectroscopy to investigate the structures and dissociations of GL*GG-amide ions produced as c 4 fragments by ETD of doubly and multiply charged peptide ions containing the GL*GG sequence motif. These are compared with authentic GL*GG-amide and GL*GG-tetrapeptide ions. The experimental results are interpreted with the help of extensive ab initio and density functional theory calculations. We wish to demonstrate that the L*-diazirine ring survives backbone dissociation upon ETD of peptide ions.
Experimental

Materials
Photoleucine containing peptides GL*GG, and GL*GGK were synthesized using standard solid phase methods for Wang resin [11] . GL*GG-amide was synthesized on PAL resin. Photoleucine (Pierce Biotechnology, Rockford, IL, USA) was incorporated using standard Fmoc technology [12] . The larger L*-tagged pentacosapeptide, GL*GGKKYTVSIN GGKKITVSIGLLG, was synthesized by Dr. Mathias Schafer (Institute of Organic Chemistry, University of Cologne, Germany) and obtained by courtesy of Dr. Andrea Sinz (Martin Luther University, Halle-Wittenberg, Germany). Exhaustive exchange in GL*GG of mobile O-H and N-H protons for deuterium was performed as reported previously [3] .
Methods
UVPD spectra were measured on an LTQ-XL ETD linear ion trap (ThermoElectron Fisher, San Jose, CA, USA) that was equipped with a Nd-YAG laser (EKSPLA, NL 301 HT) providing the third harmonics line at 355 nm of 3-6 ns pulse width and 15 mJ/pulse light intensity. For experimental details of the tandem ETD-UVPD experiments see [5] . Peptide ions were produced by electrospraying 5-10 μmol L −1 solutions in 50:50 methanol-water at a 2.0 μL min −1 flow rate. An open homebuilt microspray ion source was used to allow for efficient H/D exchange and isotope measurements [3] . The transfer capillary to the vacuum system was maintained at 180°C. The ions were mass-isolated with one mass unit wide bandwidth to reject isotope satellites, stored in the ion trap, and probed by a combination of ETD, CID, and UVPD.
IRMPD Spectroscopy
The IRMPD experiment is based on a commercial quadrupole ion trap mass spectrometer (AmaZon Speed ETD, Bruker Daltonik, Bremen, Germany) coupled to the IR beam line of the FELIX free electron laser (FEL) that has been described in more detail elsewhere. Briefly, [M + 2H] 2+ peptide ions were generated by electrospray ionization from 1-10 μmol L −1 peptide solutions in 50:50 acetonitrile:water,~0.1% formic acid [GeneCust (Luxemburg), 95% purity] that were introduced at 120 μL h −1 flow rates and aided by a pressurized nebulizing gas (N 2 ). In ETD experiments, ions were accumulated, mass isolated, and then reacted with fluoranthene radical anions for~200 ms. A fragment ion of interest was mass isolated in a subsequent MS/MS stage and irradiated by the tunable infrared beam from the FEL in a final MS/MS stage. FELIX produces infrared radiation in 5-10 μs macropulses at 5 Hz having approximately 30-60 mJ pulse energy (bandwidth 0.4% of the center frequency). Resonant absorption of infrared radiation followed by intramolecular vibrational redistribution (IVR) of the absorbed energy increases the internal energy of the system and eventually leads to unimolecular dissociation. This produces frequency-dependent fragment ion intensities, which can be related to parent ion intensity by the yield [yield = ΣI(fragment ions)/ΣI(parent + fragment ions)] and can be used to generate an infrared action spectrum. The yield at each IR point is obtained from four averaged mass spectra. A linear correction for laser power is used and the frequency is calibrated using a grating spectrometer.
Calculations
Conformational search of GL*GG-amide ions was performed according to a previously reported procedure [13] . First, GLGG-amide ions were generated by the ConformSearch engine [13] that rapidly converged to yield 20 low-energy ion conformers. In these, a methyl group in each leucine residue was rebuilt into an L* diazirine ring, and the conformers were fully optimized using DFT gradient optimization. The optimized geometries in a Cartesian coordinate format are given in the Supplementary Tables S1-S8 (in Supporting Information) and are also available from the corresponding author upon request. Standard ab initio and density functional theory (DFT) calculations were performed using the Gaussian 09 suite of programs [14] . Geometry optimizations and harmonic frequency analysis were performed with the hybrid B3LYP [15] and M06-2X [16] functionals using the 6-31+G(d,p) basis set. Entropies were evaluated using corrections for hindered rotors available in Gaussian 09 [14] . Single point energies were calculated with B3LYP, M06-2X, and Moller-Plesset perturbational treatment [17] (MP2, frozen core) using the 6-311++G(2d,p) basis set. At the highest level of theory, singlepoint energy coupled-cluster calculations [18] with single, double, and disconnected triple excitations [19] were carried out with the 6-31G(d) basis set and the energies were expanded to the CCSD(T)/6-311++G(3df,2p) level using the standard linear extrapolation formula:
The GL*GG-amide ion relative energies are presented in Supplementary Table S9 . Singlet excited-state energies and oscillator strengths for vertical excitations were calculated for select ion conformers using time-dependent DFT (TD-DFT) with the M06-2X and ωB97X-D [20] functionals and the 6-311++G(2d,p) basis set. Rice-Ramsperger-Kassel-Marcus (RRKM) calculations of unimolecular rate constants were performed as described previously [21, 22] .
Results
To characterize the c 4 ions (m/z 314) produced from GL*GGX peptide ion precursors, we first analyze their ETD-CID-MS 3 spectra and compare them with CID-MS 2 spectra of reference m/z 314 ions directly generated by electrospray ionization of GL*GG-amide. The c 4 ion was generated by ETD of the +4 charge state of GL*GGKKYTVSINGGKKITVSIGLLG (m/z 619) or from the +2 charge state of GL*GGK (m/z 222) [3] , and its identity was unequivocally confirmed by accurate mass measurements under high-resolution conditions (m/Δm = 120,000, m/z 314.1566, C 11 H 20 N 7 O 4 + requires m/z 314.1571). The ETD spectra of both peptide ions are given in Supplementary Figure S1a, b (in Supporting Information). The CID spectra of the c 4 ions generated from both of the GL*GGX peptide ions were indistinguishable as far as the fragment ion intensities were concerned and virtually identical to the CID spectrum of the reference ion of protonated GL*GG amide (Figure 1a-c) . A conspicuous feature of all these spectra was the extremely low intensity of the m/z 286 fragment ion formed by collision-induced elimination of N 2 . This dissociation is typical for CID of L*-containing peptide ions, where it proceeds via thermally induced diazirine isomerization to a diazoalkane intermediate [3] . Loss of N 2 from diazoalkanes is promoted by protonation and depends on the presence of a suitable proton donor in the gas-phase ion [3] . This is illustrated by the CID-MS 3 spectra of larger c fragment ions from ETD of the pentacosapeptide 4+ ion, which formally correspond to protonated GL*GGK-amide ( 
Near-UV Photodissociation
The diazirine ring is a distinct albeit weak chromophore that absorbs light and undergoes photodissociation in a region of the spectrum where natural peptide chromophores are transparent and do not interfere. Loss of N 2 is the only primary photodissociation channel of diazirines whereas isomers, such as diazoalkanes that could be formed by thermal rearrangement of diazirines, do not absorb light at 355 nm [28] . This contrasts CID where loss of N 2 can signify diazirine or diazoalkane structures [3] . Irradiation of the ETD-produced c 4 ion resulted in photodissociation, indicating the presence in the ion of a chromophore absorbing light at 355 nm. The UVPD spectrum (Figure 4a ) showed backbone fragment ions lacking N 2 , m/z 229, 212, and 155, which were analogous to those in the CID spectrum (Figure 1a ). In contrast, N 2 -containing fragment ions and those formed by loss of ammonia and water (m/z 297 and 296, respectively) were extremely weak. This is consistent with the presence of a diazirine ring that undergoes photolysis and N 2 expulsion followed by backbone dissociation of the primary fragment ions. However, these are not detectable at m/z 286 in the UVPD spectrum and thus must undergo very facile dissociation.
The related GL*GG ion showed a similar UVPD spectrum (Figure 4b) . Photodissociation of the diazirine ring chiefly formed backbone fragment ions that eliminated N 2 , e.g., ( Figure S3a) showed an exponential depletion of the the GL*GG ion relative intensity according to the formula: I/I 0 = e −0.05523n where n is the number of laser pulses. The small value of the exponent is consistent with the weak absorption of diazirine at 355 nm. The relative intensities of both the major (Supplementary Figure S3a) and minor (Supplementary Figure S3b) photofragment ions did not appreciably change upon increasing the number of laser pulses. All these experimental data indicated that the GL*GG ion population was homogeneous, consisting of species that contained the diazirine ring as the only chromophore.
IRMPD Action Spectroscopy of c 4 Ions
The c 4 ions from ETD of GL*GGK were further characterized by infrared multiphoton photodissociation (IRMPD) action spectroscopy in the finger print region (1000-1800 cm −1 , Figure 5 ) and also in an extended 2000-2400 cm −1 region to search for the presence of a C=N=N diazoalkane group. The IRMPD action spectrum is shown in Figure 5 . The 2000-2400 cm −1 region showed no absorption. This excluded the diazoalkane group, C=N=N, for which a strong absorption was expected at 2100 cm −1 (ion 8 in Figure 5 ). Since the 2000-2400 cm −1 region is not frequently explored in IRMPD experiments, the photodissociation efficiency was checked with a control experiment of IRMPD of an ionized isocyanate, 4-(4-isocyanatopyrid-2-yl)morpholine. The spectrum (Supplementary Figure S4 ) showed a strong photodissociation band because of absorption by the N=C=O stretching mode at 2260 cm . This suggests that a C=N=N group, which is another strong IR chromophore (ν = 2100 cm , Supplementary Table S10) and overlapping with other modes to be of diagnostic value.
The IRMPD spectrum of the c 4 ion in Figure 5 was assigned by comparing it with the B3LYP calculated IR absorption spectra of several isomeric structures for low energy GL*GGamide (1-4) and GL*GG-enolimine (5-7) ion tautomers. The optimized ions structures are shown in Figure 6 . The B3LYP/6-31+G(d,p) harmonic frequencies were scaled by 0.975 and the absorption lines were broadened by convolution with Gaussian functions at 25 cm −1 full width at half maximum ( Figure 5 ). The best match was obtained for diazirine side-chain conformers 1 and 2 of GL*GG-amide. The main distinctive feature of the calculated spectra was the wave number and intensity of the amide NH 2 scissoring vibration, as assigned in Supplementary Table S10 , which was coupled to amide ν(C=O) stretching modes. In 1, these vibrations appear at 1595, 1672, and 1696 cm −1 to fit the bands in the IRMPD spectrum. In 3, these bands are more intense and appear at 1577, 1648, and 1673, changing the band pattern and making it dissimilar with that in the IRMPD spectrum. The calculated spectra also indicate that the diazirine-related vibration modes, the ν(N=N) stretch and the symmetrical N-C-N ring stretching mode, are both too weak and overlapping with other modes to be of diagnostic value. . The former band is missing in the IRMPD spectrum, indicating that enolimines are not significantly represented among the c 4 ion population.
Discussion
The results of near-UV photodissociation and IRMPD jointly point to two major structure features of the c 4 ions produced by ETD. One feature, apparent from the UVPD and IRMPD experiments, is that the diazirine ring survives in L* residues following electrospray ionization and ETD of doubly charged peptide ions. The other feature, revealed by IRMPD, is that these c 4 ions are predominantly amide tautomers. The distinction of diazirine and diazoalkanes isomers by UVPD relies on the calculated absorption bands for the two chromophores. TD-DFT calculations with four density functionals gave very similar excitation energies and oscillator strengths (Supplementary Table S11 ), the ωB97X-D results are discussed in the text. Diazirine isomer 1 showed a weak transition to the first excited state at 363 nm with a 0.0006 oscillator strength. The pertinent electronic transition in GL*GG-amide consists of a forbidden excitation from the diazirine highest occupied π xy molecular orbital (HOMO, MO83) to the lowest-unoccupied orbital (LUMO, MO84) of a π z symmetry, as shown for 1 (Supplementary Figure S5) . The symmetry-forbidden nature of this transition accounts for the weakly absorbing properties of diazirines [28] . The excitation energy for the first excited state was only weakly dependent on the ion conformation and the presence of carboxyl, amide or enolimine group, showing 3.50 ± 0.06 eV (354 ± 6 nm) from ωB97X-D TD-DFT calculations and likewise for the other DFT methods (Supplementary Table S11 ). Excitations to the second and higher excited states involve amide π-electrons and appear in the UV region of the spectrum below 230 nm (Supplementary Table S11 ).
In contrast to the diazirines, TD-DFT calculations of their diazoalkane isomers show a symmetry-forbidden transition to the first excited state at 490 nm of an extremely small oscillator strength. The next transition to the second excited state is in the UV region (239 nm), which does not overlap with the diazirine π xy → π z * excitation. These features explain why photodissociation at 355 nm is so highly selective for photoleucine and other diazirine-containing tags in peptide ions. IRMPD provides indirect evidence of the diazirine group by excluding the presence of the isomeric diazoalkane chromophore. IRMPD gives convincing evidence for the absence of a C-terminal enolimine group which, eo ipso, indicates that the c 4 ion is a C-terminal amide. This result is consistent with a previous ECD-IRMPD study of a fixed-charge tagged dipeptide where the c 0 fragment ion was also assigned to have a C-terminal amide group [29] . We note that the previous assignment was based on the presence of an amide C=O stretch in the IRMPD action spectrum, which does not present a distinctive feature for larger c ions. Our result for the c 4 ion indicates that the formation of amide isomers may not be restricted to the special case of a small charge-tagged peptide, but could be of general nature. Previous computational studies of ETD fragment ions from GLGGK [30] and other peptide ions [31] found that an isomerization of the enolimine c 1 fragment to its more stable amide form required only a low activation energy and was predicted to be very facile [30, 31] . This prototropic isomerization can occur in an ion-molecule complex and be catalyzed by the protonated lysine group. We presume that a similar isomerization also proceeds in ion-molecule (c + z) +• complexes transiently formed by ETD of GL*GKX ions to produce the more stable amide form of the c fragment, as illustrated for the c 4 ion.
Finally, we discuss the energetics and differences in the collision and UV-induced dissociations of GL*GG and GL*GG amide ions. CID of GL*GG-amide and c 4 ions shows competitive eliminations of ammonia, water, diazirine, nitrogen, and backbone dissociations (Figure 1a-c) .
The loss of N 2 can be used as an energy reference (thermometer) dissociation for which we determined the activation energy as E(TS) = 135 kJ mol −1 and dissociation threshold of 46 kJ mol −1 in 1 from ab initio calculations at the CCSD(T)/6-311++G(3df,2p) high level of theory. The reaction proceeds through mildly exothermic ring opening to a diazoalkane isomer (ΔE = −15 kJ mol −1 ) that readily eliminates N 2 [3] . The fact that the loss of water, ammonia, and backbone dissociations compete with loss of N 2 indicates that they have similar activation energies. Furthermore, the loss of N 2 is accompanied by a highly exothermic isomerization of the (MH -N 2 ) + ion from a carbene intermediate to a more stable alkene or cyclic isomers [3] . This potential energy drop of >200 kJ mol + and (y 3 -N 2 ) + fragment ions (Figure 1a-c) . Interestingly, the c 4 ion from ETD of GL*GGK shows ca. 33% of spontaneous dissociation forming secondary fragment ions identical to those in the CID spectrum of GL*GG-amide (Supplementary Figure S6) . Using unimolecular rate constants calculated by RRKM on the CCSD(T)/6-311++G(3df,2p) potential energy surface (Supplementary Figure S7 ), we can estimate the mean internal energy of the ETD-formed c 4 ion as 280 kJ mol
. This estimate is in the same range as the ETD fragment ion energies determined by the recent kinetic ion thermometer study of peptide ions [10] . That only 33% of the c 4 ion dissociates on the 200 ms time scale of the ETD measurement can be attributed to In contrast to nonspecific excitation by slow-heating upon CID, UVPD selectively generates the carbene intermediate by electronic excitation of the diazirine ring. The UVPD spectra show that this results in a suppression of the competing dissociations by loss of water, ammonia, and backbone dissociations in GL*GG-amide and GL*GG (Figure 4a, b) . The fragmentation after photodissociative expulsion of N 2 starts from the (MH -N 2 ) + ion and shows only a minor loss of water whereas the formation of denitrogenated backbone fragments is predominant. The energetics of UVPD includes absorption of a 3.493 eV (337 kJ mol −1 ) photon that cleaves the diazirine ring. The carbene-forming loss of N 2 is 60-80 kJ mol −1 endothermic on the potential energy of the singlet ground state [3] , and the excess energy balance of 260-280 kJ mol −1 is partitioned between the kinetic, vibrational, and rotational energy of the departing N 2 molecule and the internal energy of the (MH -N 2 ) + ion. However, the partition ratio determining the internal energy of the peptide carbene is unknown, and a further excitation of the ion is provided by exothermic carbene isomerization. This proceeds very rapidly, as the rate constants for alkyl carbene isomerizations to olefins are in the 10 8 -10
9 s −1 range [32] [33] [34] , and so the peptide carbene is too short-lived to be collisionally cooled. The dominant formation upon UVPD of small fragments, such as (a 2 -N 2 ) + , (b 2 − N 2 ) + and y 2 , is consistent with UVPD being more energetic than CID.
Conclusions
The results presented in this combined experimental and computational study allow us to arrive at the following conclusions. ETD of peptides containing the photoleucine residue produces fragment ions of the c type that retain intact diazirine rings. This indicates that electron attachment to the peptide ion that results in backbone cleavage close to the photoleucine residue does not involve the electrophilic diazirine moiety. The finding that the c 4 ion formed by backbone dissociation of GL*GGK is the more stable amide tautomer can be interpreted by prototropic isomerization in an ion-molecule (c 4 + z 1 ) +• complex. 
